To clone the gene, we isolated a has a diameter about 50% larger than the other abdominal nerves.
genomic clone from the region by plasmid rescue, which was used to initiate a chromosomal walk through the The development of an abdominal peripheral nerve begins with the pioneering of the intersegmental and region, and subsequently mapped to 91B3-4. Screening by tissue in situ hybridization, we identified a genomic segmental axon tracts during stage 13 of embryogenesis (Campos-Ortega and Hartenstein, 1997). These two fragment that revealed a pattern of mRNA expression that mirrored the enhancer trap reporter gene expresnerve tracts join at the edge of the CNS to form a single peripheral nerve trunk, which will elongate for the rest sion (see below and Figure 5 ). We next isolated three mutant alleles of the gene (deof embryonic and larval development. Ensheathment of the nerve involves two distinct cell migrations. The first noted r1, r2, and r3) by excising the P element from line PZ4624. All three mutations result in lethality by the late involves glial cells from the CNS, which migrate outward onto the nerve and establish the axonal ensheathment third instar larval stage, fail to complement one another, and exhibit similar nerve phenotypes (see below). Sub- (Fredieu and Mahowald, 1989; Auld, 1996) . These cells are derived from the "exit glia" clussequently, we obtained another allele from the same enhancer trap screen PZ7551 (Perrimon et al., 1996), ters, which are located adjacent to the nerve roots (Klambt and Goodman, 1991). By stage 16, six to eight which is an insertion into the 5Ј region of the transcription unit and results in larval lethality during the first peripheral ensheathing glia are arrayed along the nerve and have begun to elaborate processes (Halter et al., and second instars (see Experimental Procedures for a description of the genetic analysis; a map of the fray 1995; Sepp et al., 2000) . The other migration involves the perineurial cells, which are thought to be of mesodermal locus is given in Figure 5 ). To learn whether fray plays an important role in the origin (Edwards et al., 1993) and form the outermost cell layer of the nerve (Auld et al., 1995; Carlson and Hilgers, nervous system, we examined fillet preparations of third instar mutants, labeled with the neuronal marker anti-1998).
By the end of the third instar, the larval peripheral HRP (Jan and Jan, 1982). The only abnormalities we observed by light microscopy were localized bulges or nerves can exceed 3 mm in length. To accommodate this growth, the perineurial cells undergo postembryonic swellings in the nerves, inside which was extensive axon defasciculation ( Figure 2B ). We refer to this as the proliferation, as revealed by bromodeoxyuridine birthdating experiments (Leiserson et al., 1999 phenotype is a result of the loss of function of the fray 2D) to immense bulges that can exceed 300 m in length and 50 m in diameter (arrowhead in Figure 2D ). The gene. First, the phenotype was associated with all three excision alleles derived from the PZ4624 line, though number of these bulges ranged from 8 to 22 per animal (mean ϭ 12.7; n ϭ 7 larvae; see Figure 3 ). The neuronabsent from PZ4624 itself. Second, an independent insertion allele, PZ7551, also has the frayed nerve phenospecific anti-HRP labeling within the large bulges reveals defasciculated axons. In contrast, in wild-type lartype (data not shown). Finally, we were able to rescue the phenotype by expressing the fray cDNA in the envae, nerves are of uniform width (7 m) with straight and tightly bundled axons, as revealed by anti-HRP lasheathing glia of mutant animals ( Figure 2C ; see below).
The fray mutation is 100% penetrant; we find bulges beling and electron microscopy. Directly imaging live larvae through the cuticle with and associated axon defasciculation in every larva examined (n Ͼ 100). By light microscopy, the defects apenhanced video microscopy revealed frayed nerves in recently hatched first instar larvae ( Figure 2E ), indicating pear localized, ranging from mild bulging (arrow in Figure second hot spot was found at the levels of segments A6 and A7.
Ultrastructural Analysis Reveals Glial Cells Are Specifically Affected in fray Mutants
To better understand the cellular basis of the fray phenotype, we used TEM to compare wild-type and mutant nerves. A hallmark of wild-type nerves is that axons are usually fully ensheathed by glial processes (Hurd and Saxton, 1996; Carlson and Hilgers, 1998; Figure 1C ). The glial processes normally remain in close apposition to the neurons as they encircle them and in this way enclose and isolate the axons. TEM sections of mutant larval nerves revealed extensive errors in the glial ensheathment of axons, defects that were observed in both the bulging and nonbulging regions of the nerve.
Nonbulging Regions of Nerve Have Defective Ensheathment
The nonbulging regions of nerves, which had normal sites in the nerve where from three to seven glial processes converged to within half a micron but nevertheless failed to join up with each other ( Figure 4B ). These aberrant sites were never observed in wild-type nerves but that the bulges arise early in development. Using this were seen in mutants an average of 2.75 cases per nerve same technique, we observed the same phenotype in section (n ϭ 7, p Ͻ 0.025). mutants bearing the severe allele PZ7551, which die before the end of the second instar. The similarity in phenotype suggested that the frayed nerve phenotype Ultrastructure of the Nerve Bulges in fray Mutants Like the nonbulging regions, bulging regions of mutant in hypomorphs was not a secondary effect but was closely linked to the loss of fray function. nerves contained disrupted glial ensheathment of axons, as revealed by TEM ( Figures 4C and 4D ). Glial procBy labeling the nuclei in third instar fray mutant peripheral nerves, we examined whether the nerve bulges reesses in some cases were observed to stretch out to contact the axons, but they consistently failed to encirsult from a loss of the ensheathing perineurial cells, leading to the weakening and hence bulging of the nerve cle them ( Figure 4D ). In addition to the glial defects, however, the bulging regions contained large, electron-( Figure 2F ). Since the perineurial cells far outnumber the six to eight ensheathing peripheral glia in each nerve transparent regions, which were presumably fluid filled ( Figure 4C ). The axons were severely defasciculated, (Sepp et al., 2000), the vast majority of the nuclei labeled in these preparations are perineurial. We found that the consistent with the light microscope observations. In contrast, the axons appeared normal in number (mutant, perineurial layer is continuous and that perineurial nuclei are associated with the bulges, suggesting that the 86.0 Ϯ 4.3; wild-type, 88.7 Ϯ 0.7), though their average axon diameter was slightly reduced compared to wildbulges are not due to openings in the ensheathment or to localized cell loss. This result is in agreement with type axons (80% of wild-type). The reduced axon size is likely a systemic effect, since the mutant larvae at transmission electron microscopy (TEM) analysis that shows that the perineurial layer is continuous, even in this stage were also smaller than wild-type. Otherwise, all of the cellular components of a normal nerve were the largest bulges (see below).
We found no strict relation between the presence of present in the bulges: the outer perineurial cells, the ensheathing glia, and the axons. The perineurial layer in a bulge and its location along the nerve (Figure 3 ). Bulges were found in every nerve and in nearly every segment. the bulging regions appeared normal and uninterrupted, with a secreted neural lamella. In light of the glial cell There was, however, a higher tendency for bulges to occur near the ventral ganglion. For the A8 nerve, a defects we observed in nonbulging regions, the most striking feature of the bulges was the disrupted glial also not significantly different from the value observed in wild-type nerves (46.7 Ϯ 11.6 m). These results suggest ensheathment of axons. Indeed, besides the deformation introduced by the bulge, the mutant nerve phenothat the fray defect is not associated with an aberrant size of ensheathing glia that results in nerve bulges but type is largely specific to the glial cells.
We next examined whether the fray phenotype was rather is associated with a failure of the glial processes to fully surround and ensheath the axons, a defect seen associated with aberrant growth of the glia, especially in the bulging regions. Surprisingly, there was no statistiirrespective of whether there is a bulge or not. cally significant difference in the total length of glial processes (observed in individual transverse sections)
The fray Gene Encodes a Protein Related to Serine/Threonine Kinases between the bulging and nonbulging regions of mutant nerves (bulging regions, 66.5 Ϯ 13.9 m, n ϭ 3; nonbulgSequence analysis of fray cDNA and genomic clones revealed a single, long open reading frame (ORF), ening regions, 69.3 Ϯ 11.6 m, n ϭ 4). The glial length was and true PAKs is modest, at the 30% level of identity, while that between Fray and its closest mammalian relatives is high, at 75% amino acid identity ( Figure 5 ).
The PF kinases possess two regions of homology outside the kinase domain, which we have denoted PF1 and PF2 and that may correspond to two functional domains of the proteins (Figure 7A ). These domains may represent regulatory or targeting elements, by analogy to other kinase molecules. Queries of the standard databases using BLAST and PSI-BLAST (Altschul et al., 1997) revealed no other known proteins besides the ones listed here that have significant homologies to these regions.
The relationships among members of the PF kinases and PAK families can be visualized using a cladogram based on sequence distances of the kinase domains ( Figure 7B ). The true PAKs and PF kinases cluster into distinct groups, with mammalian and Drosophila members in each. This suggests that both a Fray-like and a PAK-like protein were present in a common ancestor of insects and mammals. For example, the two Drosophila proteins Fray and DPAK are considerably closer to their (Table 1) . Ubiquitous expression of the fray sheathment. To investigate this, we undertook rescue experiments using GAL4 enhancer trap lines to restore cDNA (G303-7 and G303-3) was able to rescue the nerve bulge phenotype (see Figure 2C ) and the larval lethal The rescue experiments also provided evidence for other developmental roles of Fray, besides glial enphenotype. Three drivers with expression in peripheral glial cells (gli, MZ709, and MZ317) were all able to rescue sheathment of axons. Driving expression with a weak, constitutive driver (G303-3) produced adults that had the mutant nerve phenotype, providing strong evidence that Fray is required in peripheral glial cells for normal visible defects, such as reduced wings, eyes, and legs and abnormally patterned bristles. In contrast, a strong nerve ensheathment. constitutive driver (G303-7) fully rescues the mutant cDNA. Expressing PASK using either of these drivers reduced the severity of the fray lethal phenotype, as phenotype. Driving fray expression with either driver in a wild-type background produced normal-looking adults evidenced by a shift of the lethal phase from larva to pupa (Table 1 ). The severity of the frayed nerve pheno-(data not shown), suggesting that the visible defects are due to loss of function of fray and not the result of the type was significantly reduced by MZ709 and to a lesser extent by G303-7, but, in all cases, the degree of rescue overexpression of the rescue construct. obtained with PASK was less than that obtained using the Drosophila cDNA (Table 1) . Remarkably, these reThe Mammalian Homolog PASK Rescues fray Mutants sults show that, despite being separated by hundreds of millions of years of evolution, rat PASK is capable of The extensive homology among members of the PF kinase family suggested that they are functional homosubstituting for fray function. logs. To test this, we used the rat PASK cDNA to see whether it could substitute for fray function in fray muDiscussion tants. The rat homolog was chosen over other mammalian homologs because it had already been characterIn this paper, we have characterized a novel Drosophila gene, fray, which is expressed by ensheathing glial cells ized and had been demonstrated to possess kinase activity in vitro (Ushiro et al., 1998). For these experiand whose function is required for normal nerve ensheathment. In fray mutants, the nerves show extensive ments, the two strongest GAL4 drivers were selected, hsp-GAL4 (G303-7) and MZ709, which exhibit essendefects throughout their entire length, consisting of multiple regions of axonal defasciculation and large bulges. tially complete rescue of the fray lethal and nerve phenotypes when driving expression of the Drosophila fray EM analysis shows that mutant nerves contain defects in . Whatever proteins PASK interacts with, the fact that it can complement fray suggests function in the same pathway.
PASK can interact with the appropriate Drosophila proteins via its regulatory and catalytic domains.
Models of Fray Function within Ensheathing Glia
In other signaling systems, the ability of a protein to A simple interpretation of our results is that Fray particisubstitute for its ortholog has been due to the conservapates in a signal transduction cascade within glial cells.
tion of large portions of the entire signal transduction In its absence, signal transduction is disrupted, resulting cascade. For example, human hPAK1 can complement in the frayed nerve phenotype. The idea that Fray func-STE20 mutations in yeast, and both molecules can intertions in a signaling pathway stems from the kinase doact with rho GTPases and activate the JNK signaling main within the sequence of the fray gene. That Fray is pathway (Brown et al., 1996) . Thus, the functional homola bona fide Ser/Thr kinase follows both from the seogy of mammalian and fly PF kinases suggests the conquence, which contains all the hallmarks of a kinase servation of a PF kinase signaling cassette between domain, and from the strong homology to rat PASK (74% mammals and flies. amino acid identity), which has been shown to have kinase activity in vitro (Ushiro et al., 1998) .
Because By analogy to other kinases, the regulatory region of
Experimental Procedures
Fray is likely to be in the C-terminal half of the protein.
Drosophila Stocks
In this same segment are found the two PF domains, Larval fillets were fixed at room temperature for 1 hr in 4% glutaralone prepared from 2-14 hr embryos in ZAP (gift of R. Fehon, Duke dehyde in 0.1 M phosphate buffer (pH 7.4). The fillets were washed University) and the other from imaginal discs in gt11 (gift of P.
in PBS, stained for 1 hr in 1% osmium tetroxide, and dehydrated Clyne, Yale University). and embedded in Epon. Then, silver sections were cut and stained Seven cDNA clones from the embryonic library were subcloned 10 min in 3% uranyl acetate followed by 3 min in 0.3% lead citrate. into pBluescript (Stratagene) using excision by helper phage, and Multiple sections from at least ten fray r1 nerves were examined. the longest imaginal disc clone was subcloned into the EcoRI site Glial morphometry was performed using National Institutes of of pBluescript II (Stratagene). Sequence from the cDNA and genomic Health image software for Windows (Scion Corporation, Frederick, clones was obtained by the Keck Sequence Facility (Yale University) Maryland). and used to query the DNA and protein databases on the NCBI BLAST server. Protein sequence alignments and distance relationships were performed using the MegAlign program from the LaAcknowledgments sergene software suite (DNASTAR, Inc., Madison, WI). The longest embryonic clone was 3 kb and had a long ORF starting from the 5Ј
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